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The bicyclo\[2.2.1\]heptane skeleton is found in a wide range of natural products and pharmaceuticals such as camphor,[1a](#anie201914284-bib-0001a){ref-type="ref"} sordarin,[1b](#anie201914284-bib-0001b){ref-type="ref"} SPK 601,[1c](#anie201914284-bib-0001c){ref-type="ref"} and AMG 221[1d](#anie201914284-bib-0001d){ref-type="ref"} (Figure [1](#anie201914284-fig-0001){ref-type="fig"}). Consequently, considerable efforts have been devoted to the development of effective approaches for their synthesis.[2](#anie201914284-bib-0002){ref-type="ref"} One of the most commonly employed strategies relies on \[4+2\] Diels--Alder cycloadditions with their particular efficiency.[2](#anie201914284-bib-0002){ref-type="ref"}, [3](#anie201914284-bib-0003){ref-type="ref"} However, high regioselectivity remains problematic in complex unsymmetrical reagents. Efficient and rapid routes for the assembly of bicyclo\[2.2.1\]heptanes will be beneficial for synthesis.

![Selected compounds containing a \[2.2.1\] bicyclic skeleton.](ANIE-59-8522-g001){#anie201914284-fig-0001}

Gold‐catalyzed cascade transformations have become a powerful tool for the rapid assembly of complex molecules in a step‐ and atom‐economical route.[4](#anie201914284-bib-0004){ref-type="ref"} In 2000, Hashmi and co‐workers reported pioneering work on cycloisomerization of 1,6‐diynes, affording a furan‐anellated spirocycle in 61 % yield in the presence of a simple AuCl~3~ catalyst.[5](#anie201914284-bib-0005){ref-type="ref"} Subsequently, many reports on gold‐catalyzed cycloisomerization of 1,6‐diynes contributed to strategies critical for the preparation of functionalized carbocyclic and heterocyclic compounds.[6](#anie201914284-bib-0006){ref-type="ref"} Depending on the structure of the diyne precursors and whether cyclization occurs in an *exo‐* or *endo*‐fashion, various five‐ or six‐membered cyclic architectures including pyrrolidine,[7a](#anie201914284-bib-0007a){ref-type="ref"} pyrones,[7b](#anie201914284-bib-0007b){ref-type="ref"} cyclopenta\[b\]indoles,[7c](#anie201914284-bib-0007c){ref-type="ref"} benzo\[b\]fluorenes,[7d](#anie201914284-bib-0007d){ref-type="ref"} and naphthalenes[7e](#anie201914284-bib-0007e){ref-type="ref"} have efficiently been assembled (Scheme [1](#anie201914284-fig-5001){ref-type="fig"} a). Despite these significant advances, successful examples involving gold‐catalyzed 1,6‐diyne cycloisomerization in the synthesis of the bridged ring systems are limited to only a few cases which required complicated starting materials.[8](#anie201914284-bib-0008){ref-type="ref"} For example, Gagné and co‐workers reported an efficient and highly diastereoselective method to the 1,2‐trimethylenenorbornane core from designed ACP‐containing 1,6‐diyne. However, only ten successful examples were reported.[8a](#anie201914284-bib-0008a){ref-type="ref"} Fiksdahl and co‐workers discovered an useful access to bicyclic lactones by combining an initial lactone formation and a second enyne cyclization, but the selectivity remained a challenge and the best yield was 59 %.[8b](#anie201914284-bib-0008b){ref-type="ref"}

![Previous studies and our design.](ANIE-59-8522-g002){#anie201914284-fig-5001}

Gold‐catalyzed intramolecular alkoxylation‐initiated skeletal‐rearrangement reactions have become well‐established during the last decade.[9](#anie201914284-bib-0009){ref-type="ref"} Various transformations, such as alkoxylation/Claisen rearrangement,[9a](#anie201914284-bib-0009a){ref-type="ref"}, [9b](#anie201914284-bib-0009b){ref-type="ref"} Petasis--Ferrier rearrangement,[9c](#anie201914284-bib-0009c){ref-type="ref"} and alkoxylation/aza‐Prins reaction[9d](#anie201914284-bib-0009d){ref-type="ref"} were achieved by utilizing this strategy as elegantly established by Toste\'s, Rhee\'s or Hashmi\'s group. Based on these reports and our interest in diyne chemistry,[10](#anie201914284-bib-0010){ref-type="ref"} we envisioned that a new mode of gold‐catalyzed cycloisomerization of 1,6‐diynes would be possible when using a corresponding alkoxylation as the initiated step. Herein, we describe an efficient method for the formation of synthetically useful substituted bicyclo\[2.2.1\]hept‐5‐en‐2‐ones in moderate to good yields and moderate regioselectivity. The conversion is based on a gold‐catalyzed cycloisomerization of simple 3‐alkoxyl‐1,6‐diynes in a sequential carboalkoxylation/skeletal‐rearrangement/enyne cyclization/hydrolysis cascade (Scheme [1](#anie201914284-fig-5001){ref-type="fig"} b). Notably, unlike previous reports on gold‐catalyzed transformations of diynes,[10c](#anie201914284-bib-0010c){ref-type="ref"} this unprecedented reactivity pattern nicely complements known conversions of such substrates.

First, we tested **1 a** under different conditions (Table [1](#anie201914284-tbl-0001){ref-type="table"}). **1 a** with 5 mol % CyJohnPhosAuCl/AgNTf~2~ at 100 °C, DCE, 24 h, subsequently 2 equivalents H~2~O, 100 °C, 3 h, afforded the desired product **2 a** (8 %) and 78 % of the side product **3 a** (entry 1). The latter is consistent with previous reports.[9](#anie201914284-bib-0009){ref-type="ref"} Subsequently, a series of solvents with low polarity, such as PhCl, toluene or benzene, were examined. A high selectivity for **2 a** was observed with all of them, toluene being best (entries 2--4). Using C~6~H~5~NO~2~ as solvent, the substrate was almost entirely transformed to **3 a** (entry 5). Among a series of phosphane and carbene ligands in toluene (entries 3 and 6--11), the gold catalyst with t‐BuDavePhos as ligand showed high catalytic reactivity and raised the yield to 71 % (entry 9). Simple salts like AuCN, AuCl, and KAuBr~4~ exhibited no catalytic activity (entry 12). A brief screening of counter anions[11](#anie201914284-bib-0011){ref-type="ref"} revealed that SbF~6~ ^−^ and BF~4~ ^−^ were much worse than NTf~2~ ^−^ with regard to the reaction yield (entries 13,14). No further improvement was observed when screening at different temperatures (entries 15,16). The control experiments showed no catalytic activity with coordinatively saturated gold complexes or silver salts alone (entries 17,18).

###### 

Screening for the optimal reaction conditions.^\[a\]^ ![](ANIE-59-8522-g006.jpg "image")

  Entry                  Catalyst                 solvent      Yield^\[b\]^ \[%\]  
  ----------- ------------------------------- --------------- -------------------- -------
  1               CyJohnPhosAuCl/AgNTf~2~           DCE                8             78
  2               CyJohnPhosAuCl/AgNTf~2~          PhCl                43             5
  3               CyJohnPhosAuCl/AgNTf~2~         toluene              49             8
  4               CyJohnPhosAuCl/AgNTf~2~         bezene               25            \<5
  5               CyJohnPhosAuCl/AgNTf~2~      C~6~H~5~NO~2~           0             97
  6                JohnPhosAuCl/AgNTf~2~          toluene              38            \<5
  7                  IPrAuCl/AgNTf~2~             toluene              53            13
  8                 Ph~3~PAuCl/AgNTf~2~           toluene              43            11
  **9**        **t‐BuDavePhosAuCl/AgNTf~2~**    **toluene**          **71**         **8**
  10              t‐BuMePhosAuCl/AgNTf~2~         toluene              49            16
  11              t‐BuXPhosAuCl/AgNTf~2~          toluene              44            15
  12             AuCN or AuCl or KAuBr~4~         toluene              0              0
  13             t‐BuDavePhosAuCl/AgSbF~6~        toluene              46            \<5
  14             t‐BuDavePhosAuCl/AgBF~4~         toluene              37            \<5
  15^\[c\]^      t‐BuDavePhosAuCl/AgNTf~2~        toluene              62            11
  16^\[d\]^      t‐BuDavePhosAuCl/AgNTf~2~        toluene              65            12
  17                 t‐BuDavePhosAuCl             toluene              0              0
  18                     AgNTf~2~                 toluene              0              0

\[a\] All reactions were carried out with **1** (0.1 mmol), 5 mol % catalyst toluene (1 mL) at 100 °C for 24 h, 2 equivalents H~2~O for another 3 h under same condition. \[b\] Determined by ^1^H NMR with 1,3,5‐trimethoxybenzene as the internal standard. \[c\] at 90 °C. \[d\] at 110 °C.
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With the optimal reaction conditions in hand, we turned our attention to the scope of this transformation (Table [2](#anie201914284-tbl-0002){ref-type="table"}). Substrates bearing an electron‐donating Me group (**2 b**, **2 g**, **2 h**) usually gave the corresponding products in slightly higher yields than substrates with the electron‐withdrawing groups F and Cl (**2 d**, **2 e**). However, the stronger electron‐donating MeO‐ gave a lower yield of **2 c** and a mixture of unidentified products. For the presence of a substituent at different positions, *meta*‐position showed slightly higher reactivity in terms of yields (**2 b**, **2 g**, and **2 h**). The dimethyl‐substituted substrates **1 i** and **1 j** were viable for producing the corresponding products **2 i** and **2 j** in moderate yield. Naphenlene **1 k** and the hetero‐aromatic **1 l** could also be converted. Both linear and branched aliphatic starting materials decomposed (**2 m** and **2 n**).

###### 

Scope of the reaction for symmetric starting materials.^\[a,b\]^ ![](ANIE-59-8522-g014.jpg "image")

  ------------------------------------
  ![](ANIE-59-8522-g007.jpg "image")
  ------------------------------------

\[a\] standard conditions: **1 a** (0.1 mmol), 5 mol % catalyst, toluene (1 mL) at 100 °C for 24 h, 2 equivalents H~2~O for another 3 h under same condition. \[b\] Yields of isolated products. \[c\] Decomposed substrates R=propyl (**1 m**), R=t‐Bu (**1 n**).
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Further studies concerning the regioselectivity were carried out with unsymmetrical substrates (Table [3](#anie201914284-tbl-0003){ref-type="table"}). Under the optimized conditions, substrates **1 o**, **1 p** and **1 q** could smoothly be transferred to the corresponding product, however, with poor regioselectivities (entries 1--3). A significantly higher selectivity was observed when CF~3~C~6~H~5~ with a stronger electron‐withdrawing group was used as R^2^ (entry 4). These observations revealed that the regioselectivity could be controlled by electronic effects, especially when there is a strong electronic difference between R^1^ and R^2^. Substrate **1 s**, containing a naphthalene, was tested and afforded **2 s′** as the only product (entry 5). Substrate **1 t** (entry 6) with a combination of a phenyl and a thiophenyl group also showed higher regioselectivity, providing **2 t** and **2 t′** in a 1:4 ratio. Subsequently, we tested the effect of steric hindrance, compared to the less bulky group cyclohexyl, substrate with a more sterically hindered *t*Bu moiety (**1 u**) exhibited a higher regioselectivity (entries 7,8).

###### 

Scope of the reaction for unsymmetrical starting materials.^\[a,b\]^ ![](ANIE-59-8522-g008.jpg "image")

  Entry   R^1^           R^2^                                 Yield^\[b\]^ \[%\]   
  ------- -------------- ------------------------------------ -------------------- --------------
  1       Ph (**1 o**)   4‐FC~6~H~5~                          **2 o**, 24          **2 o′**, 36
  2       Ph (**1 p**)   4‐ClC~6~H~5~                         **2 p**, 23          **2 p′**, 43
  3       Ph (**1 q**)   3,5diMeC~6~H~5~                      **2 q**, 34          **2 q′**, 27
  4       Ph (**1 r**)   4‐CF~3~C~6~H~5~                      **2 r**, 0           **2 r′**, 48
  5       Ph (**1 s**)   ![](ANIE-59-8522-g009.jpg "image")   **2 s**, 0           **2 s′**, 42
  6       Ph (**1 t**)   ![](ANIE-59-8522-g010.jpg "image")   **2 t**, 11          **2 t′**, 44
  7       Ph (**1 u**)   t‐Bu                                 **2 u**, 43          **2 u′**, 7
  8       Ph (**1 v**)   ![](ANIE-59-8522-g011.jpg "image")   **2 v**, 35          **2 v′**, 27

\[a\] standard conditions: **1 a** (0.1 mmol), 5 mol % catalyst, toluene (1 mL) at 100 °C for 24 h, 2 equivalents H~2~O for another 3 h under same condition. \[b\] Yields of isolated products.
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An extension of the substrate\'s scope with non‐alkynyl substituents is shown in Table [4](#anie201914284-tbl-0004){ref-type="table"}. Substrates with electron‐deficient or bulky aryl groups were compatible under the adjusted conditions (**2 x**, **2 z**) while for **1 y** bearing an electron‐donating substituent only the elimination product was obtained, which can be attributed to the stabilization of the intermediate cation. The ethyl‐tethered substrate **1 aa** decomposed.

###### 

Reaction scope with non‐alkynyl substituent.^\[a,b,c\]^ ![](ANIE-59-8522-g012.jpg "image")

  ------------------------------------
  ![](ANIE-59-8522-g013.jpg "image")
  ------------------------------------

\[a\] standard conditions: **1 a** (0.2 mmol), 5 mol % catalyst, benzene (1 mL) at 100 °C for 24 h, 2 equivalents H~2~O for another 3 h under same condition. \[b\] Yields of isolated products. \[c\] Decomposed substrate R=ethyl (**1 aa**).
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An upscaling of the reaction is also possible, 3 mmol of **1 a** were subjected to the optimized condition, **2 a** was obtained with 57 % isolated yield \[Scheme [2](#anie201914284-fig-5002){ref-type="fig"}, Eq. (1)\]). Moreover, treatment of **2 a** with 1.2 equivalent ethynylmagnesium bromide gave exclusively the *exo*‐addition product 4 \[85 % yield, Scheme [2](#anie201914284-fig-5002){ref-type="fig"}, Eq. (2)\].[12](#anie201914284-bib-0012){ref-type="ref"} The structural assignment of compound **4** was further confirmed by single‐crystal X‐ray structure analysis.[13](#anie201914284-bib-0013){ref-type="ref"}

![Gram‐scale synthesis and subsequent conversion.](ANIE-59-8522-g003){#anie201914284-fig-5002}

Preliminary mechanistic studies are shown in Scheme [3](#anie201914284-fig-5003){ref-type="fig"}. Treatment of the substrate **1 a** with the gold catalyst for 24 h led to a mixture of ketal **5** (40 %), **2 a** (31 %) and **3 a** (10 %). The ketal **5** could completely be converted to the corresponding product **2 a** (98 %) through hydrolysis, which was confirmed by an ^18^O‐labelling experiment. This result clearly demonstrated the possibility of hydrolysis as the final step \[Scheme [3](#anie201914284-fig-5003){ref-type="fig"}, Eq. (1) and (2)\]. Next, on the base of previous reports on gold‐catalyzed Conia‐Ene reaction,[14](#anie201914284-bib-0014){ref-type="ref"} we wondered if **3 a** might be an intermediate of the catalytic cycle. However, no conversion to product **2 a** was detected when **3 a** was subjected to the standard reaction conditions \[Scheme [3](#anie201914284-fig-5003){ref-type="fig"}, Eq. (3)\]. We then turned our attention on the reactivity of ketal **6**,[15](#anie201914284-bib-0015){ref-type="ref"} which under these reaction conditions turned out to be a productive intermediate in the catalytic cycle, and this could be demonstrated by its further conversion to product **2 a** under the optimal conditions in excellent yield \[Scheme [3](#anie201914284-fig-5003){ref-type="fig"}, Eq. (4)\]. A small amount of MeOH, which can originate from β‐elimination of the substrate (see Table [4](#anie201914284-tbl-0004){ref-type="table"}, **2 y**), seems to be sufficient to close the first catalytic cycle \[Scheme [3](#anie201914284-fig-5003){ref-type="fig"}, Eq. (6)\]. A higher concentration of MeOH leads to lower yields \[Eq. (5)\], probably due to a competing nucleophilic addition to the alkyne.[15b](#anie201914284-bib-0015b){ref-type="ref"} A brief screening of the OR group is depicted in Eq. (7), both ethyl and propyl were compatible under the optimized conditions. **7 c** bearing a TMS substituent delivered only hydrolysis product **3 a**.

![Mechanistic investigation.](ANIE-59-8522-g004){#anie201914284-fig-5003}

Based on these observations and analogies to previous reports,[15b](#anie201914284-bib-0015b){ref-type="ref"}, [16](#anie201914284-bib-0016){ref-type="ref"} the proposed catalytic mechanism is depicted in Scheme [4](#anie201914284-fig-5004){ref-type="fig"}. Initially, in the presence of a gold catalyst, the vinyl gold intermediate **A** is formed through gold‐catalyzed alkoxycyclization, followed by a C−O bond cleavage and a cyclization to intermediate **C. C** could directly be transferred to product **3** through hydrolysis or be attacked by the R^3^OH generated in situ (from hydrolysis or elimination) to form intermediate **D. D** could then undergo a gold‐catalyzed β‐elimination providing the cyclopentene intermediate **E**, which subsequently undergoes a sequence of enyne cyclization, nucleophilic addition, and hydrolysis reactions to the final product **2**.

![Possible reaction mechanisms.](ANIE-59-8522-g005){#anie201914284-fig-5004}

In conclusion, we have developed an unprecedented gold‐catalyzed 1,6‐diyne cycloisomerization by using carboalkoxylation as the initiated step. The new reaction provides very interesting access to bridged ring systems (bicyclo\[2.2.1\]heptane derivatives), while many other reactions of 1,6‐diynes are restricted to the synthesis of monocyclic or anellated five‐ or six‐membered rings. This represents remarkable progress with respect to the product scope. Studies are currently underway in our laboratory to apply this strategy to the synthesis of other bridged ring systems.
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